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Introduction {#sec001}
============

Alzheimer's disease (AD) is the most common type of dementia, but the etiology and pathophysiology remain elusive, and this contributes to the lack of effective treatments \[[@pone.0218036.ref001]\]. Cholinergic neurons are key to learning and memory, and their atrophy underlies the memory-impairment phenotype of AD and ageing \[[@pone.0218036.ref002]\]. However, the cholinergic mechanisms that contribute to data processing (learning), data consolidation (storage), data retrieval (recall), and reconsolidation after recall are still poorly understood at a molecular level \[[@pone.0218036.ref003]\].

TrkA receptors, and its ligand the neurotrophin Nerve Growth Factor (NGF), are central to cholinergic neuron health, phenotype, function, and synaptic plasticity \[[@pone.0218036.ref004]--[@pone.0218036.ref006]\], and play a key role in normal hippocampal-dependent memory \[[@pone.0218036.ref007]\]. Alterations to TrkA and NGF have been described as early markers associated with cholinergic neuron atrophy and death in diseases of cognition. For example, degradation or neutralization of NGF \[[@pone.0218036.ref008], [@pone.0218036.ref009]\], impaired NGF transport \[[@pone.0218036.ref010], [@pone.0218036.ref011]\], lower TrkA density \[[@pone.0218036.ref012]\], or antagonists of TrkA \[[@pone.0218036.ref013]\] reduce the cholinergic phenotype, and cause memory impairment. Relative to cognitively normal brains, brains from Mild Cognitive Impairment (MCI) patients had low TrkA density and high cholinergic neuron atrophy. The data suggest that phenotypic TrkA loss or silencing *precedes* cholinergic neuronal death \[[@pone.0218036.ref014]\]. In AD patients the loss of TrkA was even more severe and there was frank cholinergic neuronal death \[[@pone.0218036.ref015]\]. Similar data were reported for cholinergic neurons in the brains of aged rats with cognitive impairment \[[@pone.0218036.ref012]\]. These data suggest an inverse relationship between TrkA density/activity and cholinergic atrophy and death, and a direct relationship between TrkA density/activity and cognitive state.

These observations have led to the hypothesis that TrkA agonists may rescue atrophic cholinergic neurons and benefit cognition or memory in disease states \[[@pone.0218036.ref016]\]. NGF protein has been used as a therapeutic agent to activate TrkA, but has mostly failed due to poor stability and lack of receptor specificity because NGF also binds to p75 receptors leading to activation of unintended pathways \[[@pone.0218036.ref017], [@pone.0218036.ref018]\]. As an alternative we used a small-molecule selective TrkA agonist called D3, which does not bind to p75, to evaluate the specific role of TrkA in memory \[[@pone.0218036.ref019], [@pone.0218036.ref020]\]. *In vitro*, D3 activates TrkA phosphorylation and trophic signals, and potentiates the action of limiting doses of NGF \[[@pone.0218036.ref021]\]. *In vivo*, D3 improves spatial Long Term Memory (LTM) in memory-impaired aged rats \[[@pone.0218036.ref022]\], and improves learning and spatial Short Term Memory (STM) in amyloid precursor protein (APP) over-expressing mice \[[@pone.0218036.ref004]\]. Paradoxically, while in impaired rodents D3 improves memory, in healthy young mice D3 had the opposite effect: it was detrimental to LTM \[[@pone.0218036.ref004]\] through mechanisms that were not identified.

Here, we address this paradox and show that acute or chronic treatment with D3 in healthy young mice leads to hyperactivation of TrkA signals in the hippocampus, and inhibits hippocampal-dependent memory consolidation of tasks learned proximal to drug exposure. The defect caused by acute drug treatment is reversible, but after chronic drug treatment is irreversible likely due to a decrease in CA1 neuron basal arborization. There were no effects on learning or memory retrieval in either paradigm. These data uncover novel TrkA-dependent mechanisms for the normal consolidation of memory.

Materials and methods {#sec002}
=====================

Mice {#sec003}
----

All animal procedures respected the Canadian Association for Laboratory Animal Science guidelines for use of animals in research, and all protocols were approved by the McGill University Animal Care Committees. C57BL/6 wild-type male mice, 4--6 months old (Charles River and Harlan Laboratories) were used for all experiments except for hippocampal branching analysis. A Thy-1 GFP line M mouse (gift of Dr. David Stellwagen, McGill University, Montreal, Canada) was bred with C57BL/6 wild-type females (Jackson Labs) and mixed offspring was used in hippocampal branching analysis experiments. All mice and treatments were randomized, with researchers blinded to all treatments during data collection and quantification.

Intracerebroventricular (ICV) compound delivery {#sec004}
-----------------------------------------------

Vehicle (artificial cerebrospinal fluid--aCSF: 150mM NaCl, 1.8 mM CaCl~2~, 1.2 mM MgSO~4~, 2 mM K~2~HPO~4~, 10mM glucose, 0.001% mouse serum) and D3 (diluted in aCSF) were delivered via two routes: ICV injection for the acute delivery studies, and Alzet osmotic pumps (Cupertino, CA) for the 2-week delivery studies. D3 was manufactured *in house* as we reported \[[@pone.0218036.ref021]\]. Quality control demonstrated a single HPLC product, of the expected mass and structure (by Mass Spectrometry, and Nuclear Magnetic Resonance).

Acute delivery protocols were adapted from DeVos (2013) \[[@pone.0218036.ref023]\]. Briefly, mice were anesthetized with isoflurane and fixed in a stereotactic frame (Kopf Instruments, Tujunga, CA). An incision was made at the midline and a small hole drilled at 0.46 mm posteriorly and 1 mm laterally from Bregma. A Hamilton syringe (Reno, NV) connected to a microinjection unit was inserted 2 mm vertically in the brain targeting the lateral ventricle. 5 minutes were allowed for the compound or aCSF to diffuse before extracting the Hamilton syringe. A maximum of 5 μl was injected, containing either 9 μg or 15 μg of D3, or aCSF.

Chronic delivery protocols were adapted from DeVos (2013) \[[@pone.0218036.ref023]\] and Aboulkassim (2011) \[[@pone.0218036.ref004]\]. Briefly, Alzet pumps were primed in sterile PBS overnight at 37° C and loaded with 100 μL (40 μg) of D3 or aCSF. The cannula was placed with a holder (Kopf Instruments) at the same coordinates as described above (targeting the right lateral ventricle) and glued with Loctite superglue. The pump was positioned subcutaneously on the back of the mice.

A flowchart of disease progression and acute and chronic treatments with D3 is shown ([S1 Fig](#pone.0218036.s001){ref-type="supplementary-material"}).

Biochemical assays {#sec005}
------------------

The hippocampus, cortex and nucleus basalis were dissected and analyzed separately. Whole cell lysates were prepared in ice-cold lysis buffer (20 nM Tris HCl pH 7.5, 137 mM NaCl, 2 mM EDTA pH 8, 4% NP40 detergent) with protease and phosphatase inhibitors (ROCHE). After SDS-PAGE and Western Blot transfer, membranes were studied with primary antibodies: pCREB 1:1,500 (Cell Signaling 9198 or Millipore 556003), CREB 1:1,500 (Cell Signaling 9104), PKCδ 1:1,000 (Invitrogen 38--1400), pMAPK 1:2,000 (Cell Signaling 4370), MAPK 1:2,000 (Cell Signaling 4695), pCaMKII 1:1,000 (Cell Signaling 3361), CaMKII 1:3,000 (Cell Signaling 4436), Actin 1:4,000 (SIGMA A2066), pAkt 1:1,000 (Cell Signaling 4060), Akt 1:1,000 (Cell Signaling 9272), pErk5 1:1,000 (Millipore 07--507), Erk5 1:1,000 (Cell Signaling 3372), β-Tubulin-III 1:10,000 (SIGMA T2200); followed by horseradish peroxidase-conjugated secondary antibodies at 1:10,000. Proteins were visualized through enhanced chemiluminescence. Quantification was performed through optical densitometry using the ImageJ free software (<http://imagej.nih.gov/ij/>). Proteins were standardized to α-actin (chronic delivery group for Erk5, CREB, and Akt) and β-tubulin-III (acute and chronic delivery groups for CREB), while phosphorylated proteins were standardized against their respective total proteins.

Immunoprecipitations were as described \[[@pone.0218036.ref024]\] using a total-TrkA antibody (Santa Cruz sc-118). After SDS-PAGE and Western Blot transfer, membranes were studied to detect p-TrkA with 4G10 antibody (pan-phosphotyrosine antibody Millipore 16--103, 1:10,000 dilution), and total TrkA in the same membranes using the total-TrkA antibody (Santa Cruz sc-118, 1:1,000 dilution).

Neuronal branching and spine density analysis {#sec006}
---------------------------------------------

Acute and chronic treatments used Thy-1 GFP line M mice to assess neuronal branching, dendritic spine density and spine morphology \[[@pone.0218036.ref025]\]. Male mice average 4 months old, and female mice average 5 months old were used. The mice treated with acute ICV injections also were tested by MWM to confirm the behavioral effect of D3; and these mice were sacrificed 2 weeks post-treatment (after the second probe trial of the MWM). The mice that were treated chronically with D3 for 2 weeks were sacrificed immediately after treatment completion. The mice were perfused and the brains were dissected and fixed as described above, the brains were cryo-sectioned into 50 μm thick slices. The slides were then covered with VECTASHIELD antifade mounting medium with DAPI. Confocal images were obtained at a magnification of 63X plus a 5X digital zoom for the spine analyses. The Imaris software (<http://www.bitplane.com/>) was used to perform the analysis. Filament tracing tools were used to determine total branching points and to perform Sholl analysis, on basal and apical branching, of neurons in the CA1 and CA3 region of the hippocampus. Two cells from the CA1 region and one from the CA3 were quantified per mouse, based on being able to see the entirety of the neuron for proper comparison. Established guidelines \[[@pone.0218036.ref026]\] were followed to quantify spine density, mean spine length and mean spine volume in tertiary dendrites in the same hippocampal regions.

Imaging {#sec007}
-------

Epifluorescence images were collected using the Leica DM LB 2 microscope equipped with the LAS acquisition software and a Leica DFC480 camera for detection. Confocal images were collected using a Zeiss (Oberkochen, Germany) Axiovert 200M inverted microscope equipped with the LSM 5 Pascal point laser module, the LSM AIM acquisition software, and 2 PMT detectors for spectral detection. Merging of images, analysis and quantification were performed with the Image J, Volocity, and Imaris softwares.

Morris Water Maze (MWM) {#sec008}
-----------------------

MWM was as described \[[@pone.0218036.ref004], [@pone.0218036.ref027]\], with a three-day training/acclimatization with a visible platform, and to exclude animals with visual or motor deficits. After these three days, the mice were treated acutely with D3 (9 μg or 15 μg total dose) or aCSF. After a one-day recovery, visual cues were re-arranged and the platform was placed submerged in a new quadrant which remained constant for the next five days (learning period). Each day, escape latencies were recorded from three different starting positions for each mouse, with an inter-trial time not exceeding 45 minutes. On the last day of training, after a 2-hour resting period, the hidden platform was removed and the mice were allowed to swim for 60 s (probe trial 1, Short Term Memory---STM). One week later, the groups were tested on a second probe trial (probe trial 2, Long Term Memory---LTM). The performance in both probe trials was quantified as the percentage of the time the mice spent swimming in the quadrant where the platform had been (target quadrant). These tests, starting with the learning phase, were repeated 2 and 3 months after treatment. HVS Image Software for Morris Water Maze was used to quantify latencies and tracking.

Statistical analysis {#sec009}
--------------------

All measures are reported as mean ± SEM. All measurements were assessed for normality using the Shapiro-Wilks test. All comparisons between two groups were performed with unpaired Student's t-test; all comparisons between three or more groups were performed with between/within analysis of variance (ANOVA) and Newman-Keuls post-hoc pairwise comparison tests. p≤ 0.05 was considered significant.

Results {#sec010}
=======

Previously, we showed that a chronic 2-week delivery of D3 provided memory benefits in cognitively impaired mice and rats. However, in young healthy mice a chronic 2-week delivery of D3 *caused* memory impairment without causing a learning deficit. This unexpected effect lasted for months after drug wash-off \[[@pone.0218036.ref004], [@pone.0218036.ref022]\], suggesting long-lasting transcriptional or anatomical changes caused by drug treatment in young healthy mice. Here, we explore the mechanisms of memory impairment and compare the biochemical, anatomical, and behavioral effects of acute and chronic D3-treatment paradigms.

Acute delivery of D3 impairs spatial memory in healthy young mice {#sec011}
-----------------------------------------------------------------

In young healthy mice, after *acute* ICV delivery of D3 or vehicle control, mice were trained in the MWM for five days. All mice learned the task at the same rate, indicating that there is no learning impairment after acute treatment with D3.

In testing for short term memory (STM) 2 hours after the learning phase (probe trial 1) the control group spent significantly more time in the target quadrant whereas the D3-treated groups did not (ANOVA p\<10^−5^; df = 51; n = 12). Control untreated mice spent on average 50.3% of the time in the target quadrant. In contrast, the D3 treated mice spent a lower amount of time in the target quadrant, not significantly different from non-target quadrants for the D3 9 μg group (35.5%, p = 0.09) and the D3 15 μg group (28.7%, p = 0.34, df = 51) ([Fig 1A](#pone.0218036.g001){ref-type="fig"}). This indicates a STM deficit in D3-treated mice. The impairment was dose-dependent and more pronounced at the higher D3 dose.

![D3-treated mice do not spend significantly more time in the target quadrant during the probe trials.\
This experiment was replicated two independent times. **(A)** Probe Trial 1: Vehicle-treated (control, n = 4) mice spent significantly more time in the target quadrant '4' (T) than in the remaining quadrants (p\<0.001). Neither the D3 9μg-treated mice (n = 3) nor the D3 15 μg-treated mice (n = 5) spent significantly more time in the target quadrant. **(B)** Probe Trial 2: One week later, equivalent results were obtained. Controls spent significantly more time in the target quadrant (p\<0.001), mice treated with 9 μg had a significant preference for a quadrant, though it was not the target quadrant (p = 0.01), and mice treated with 15 μg of D3 did not spend significantly more time in any specific quadrant.](pone.0218036.g001){#pone.0218036.g001}

In probe trial 2, testing for long term memory (LTM) one week after completion of probe trial 1, the control untreated mice spent significantly more time in the target quadrant (p = 0.00002), while the D3-treated groups did not ([Fig 1B](#pone.0218036.g001){ref-type="fig"}). The control untreated group spent on average 45.5% of the time in the target quadrant, while the D3 9 μg group spent less time in the target quadrant (D3 9 μg group, p = 0.016; D3 15 μg group, p = 0.21, df = 51) and significantly more time in a non-target quadrant. This indicates an LTM deficit in D3-treated mice, which is logical given that there was a STM deficit. Of note, enhanced exploratory tendencies are not an explanation to the deficits measured in the Morris Water Maze because the groups had equal performance in novel object recognition behavioral testing ([S2 Fig](#pone.0218036.s002){ref-type="supplementary-material"}).

These data demonstrate that in healthy young mice *acute* delivery of D3 impairs STM and LTM without causing learning deficits. This is similar to what was reported in *chronic* delivery of D3 \[[@pone.0218036.ref004]\]. Since *acute* or *chronic* treatments both cause memory impairment, we used D3 treatment as paradigms of drug-induced anterograde amnesia.

Acute and chronic delivery of D3 hyperactivate TrkA in the hippocampus of healthy mice {#sec012}
--------------------------------------------------------------------------------------

We studied TrkA-mediated signals after acute or chronic delivery of D3, to further evaluate whether there is a correlation to TrkA actvity and memory impairment in different cholinergic brain regions.

Tissues were collected after acute delivery of D3 15 μg (n = 9) or control aCSF (n = 8) and studied for biochemical pathways relevant to memory and NGF/TrkA. Tissues were dissected from hippocampus, cortex and nucleus basalis brain regions at 1 hour (n = 1, not quantified), 5 hours (n = 4) and 24 hours (n = 4) after drug delivery and samples were studied by Western Blot using antibodies to pTrkA, pAKT, CaMKII, CREB, pErk5, pMAPK, and PKCδ. Significant changes after acute drug treatment were detected and quantified for pTrkA and CREB.

In the hippocampus of the D3-treated group there was an increase in pTrkA at 5 hours (one-between ANOVA p = 0.02, df = 5; n = 8; each with two independent technical replicate immunoprecipitations per sample). The pTrkA increase was sustained but was non-statistically significant at 24 hours (p = 0.11, df = 5; n = 8) ([Fig 2A](#pone.0218036.g002){ref-type="fig"}), and representative data are shown ([Fig 2B](#pone.0218036.g002){ref-type="fig"}). There was a significant increase in total CREB protein (p = 0.004, df = 6; n = 7) at 24 hours, without a significant increase in pCREB/CREB ratios ([Fig 2C](#pone.0218036.g002){ref-type="fig"}), and representative data are shown ([Fig 2D](#pone.0218036.g002){ref-type="fig"}). In the nucleus basalis there was increased pTrkA at 5 and 24 hours (data not shown). In the cortex, none of the proteins studied was significantly different in the acute D3 group compared to control group. Together, these data indicate that shortly after D3 treatment there is above-normal TrkA activation in the hippocampus and the nucleus basalis of young healthy mice.

![Acute D3 increases TrkA phosphorylation and CREB in the hippocampus.\
**(A)** Densitometric quantification of Western blots shows a significant increase in pTrkA in the hippocampus at 5 hours (p\<0.05, n = 3) and a trend at 24 hours (p = 0.11, n = 2), compared to vehicle (n = 3). (**B**) Representative Western blots of samples immunoprecipitated with TrkA antibody and blotted with phospho-tyrosine antibody 4G10. Protein was extracted from the hippocampi of mice sacrificed at the times indicated. **(C)** Densitometric analysis shows a significant increase in CREB (p\<0.005) at the 24-hour time point after treatment with D3 (n = 4) compared to vehicle (n = 3). **(D)** Representative Western blots of protein extracted from the hippocampi of mice sacrificed at the times indicated.](pone.0218036.g002){#pone.0218036.g002}

A comparison of control aCSF and *chronic* D3 treatment showed that five days after completion of a 2-week treatment (D3 n = 3, aCSF n = 3) there were significant changes in the hippocampus. Significant increases in pErk5 and total Erk5 (unpaired, two-tailed t-test p = 0.0089; df = 4. [Fig 3A](#pone.0218036.g003){ref-type="fig"}, **quantified in** [Fig 3B](#pone.0218036.g003){ref-type="fig"}) were detected. Total Erk5 increases could be due to relocalization from other compartments \[[@pone.0218036.ref028]\] or *de novo* protein translation by neurotrophic activation. Significant increases were also detected in pAkt (unpaired, two-tailed t-test p = 0.002; df = 4. [Fig 3A](#pone.0218036.g003){ref-type="fig"}, **quantified in** [Fig 3C](#pone.0218036.g003){ref-type="fig"}); and in pCREB as well as total CREB (unpaired, two-tailed t-test p = 0.0086; df = 4. [Fig 3A](#pone.0218036.g003){ref-type="fig"}, **quantified in** [Fig 3D](#pone.0218036.g003){ref-type="fig"}). In this paradigm no sustained changes were observed in any of the other proteins studied or in the other anatomical regions evaluated (cortex and nucleus basalis, data not shown).

![A 2-week treatment with D3 increases pErk5 Erk5, pAkt, pCREB and CREB in the hippocampus.\
**(A)** Representative Western Blots of proteins analyzed from hippocampus tissue. Increases in pAkt, total and pErk5, and total and pCREB were observed. Densitometry quantification of the bands shows a significant increase in **(B)** total Erk5 (p\<0.05), pErk5 (p\<0.05), **(C)** pAkt (p\<0.01), **(D)** total CREB (p\<0.01) and pCREB (p\<0.01) (controls: n = 3, D3: n = 3; two repeats of Western Blots).](pone.0218036.g003){#pone.0218036.g003}

These data indicate that signals downstream of TrkA (pErk5, Erk5, pAkt, pCREB, and CREB) are long-lived and sustained in the hippocampus for at least five days after completion of chronic D3 treatment, long after the drug is washed-off.

Next, we asked whether these signals may cause anatomical changes in hippocampus, that could lead to memory impairment in young healthy mice.

D3 decreases dendrite branching in the basal dendrites of neurons in the CA1 region of the hippocampus in young healthy mice {#sec013}
----------------------------------------------------------------------------------------------------------------------------

We evaluated neuroanatomical changes in neuronal branching points and intersections in mice treated with D3 for two weeks compared to control.

In D3-treated mice there was a significant overall decrease in [branching points]{.ul} in the CA1 region (ANOVA p = 0.006, df = 31; controls n = 8, D3 n = 9). The [branching point decrease was]{.ul} more prominent in the basal branching of CA1 neurons (Newman-Keuls pairwise comparison, p = 0.021, df = 31) and a lesser and not significant decrease at the apical branching (p = 0.10, df = 31; [Fig 4A](#pone.0218036.g004){ref-type="fig"} versus 4B, **quantified in** [Fig 4C](#pone.0218036.g004){ref-type="fig"}). As well, the overall [mean number]{.ul} of Sholl intersections per neuron were significantly decreased in both basal and apical branching in the CA1 region (ANOVA p = 0.035, df = 16). The decrease in the [mean number]{.ul} of Sholl intersections [was]{.ul} more prominent in the basal region (p = 0.042) than the apical region (p = 0.3, q**uantified in** [Fig 4D](#pone.0218036.g004){ref-type="fig"}). In addition, a trend to a lower [total number]{.ul} of Sholl intersections was detected (ANOVA p = 0.0598, df = 16); mainly at the basal region (p = 0.10) as opposed to the apical region (p = 0.27, **quantified in** [Fig 4E](#pone.0218036.g004){ref-type="fig"}). In D3-treated mice, no changes in spine density (**quantified in** [Fig 4F](#pone.0218036.g004){ref-type="fig"}) or in mean spine length (data not shown) were detected.

![D3 reduces dendritic arborization in the basal CA1 region.\
**(A)** Representative confocal image, 3D filament, and magnified segments from apical and basal CA1 tertiary dendrites of an independent neuron from a control mouse. **(B)** Representative confocal image, 3D filament and magnified segments from apical and basal CA1 tertiary dendrites of an independent neuron from a 2-week D3-treated mouse. **(C)** Quantification of branching in the apical and basal region shows a decrease in branching points, significant in the basal dendrites of mice treated with D3 (p\<0.05). A trend to a decrease is also observed in the apical region (p = 0.10). The values are shown as a fold decrease from control ± SEM. Total branching points of neurons belonging to D3-treated mice were normalized to the total branching points of the controls (controls n = 8, D3 n = 9, 2 cells measured per mouse, one repeat). **(D)** Mean Sholl analysis performed in the apical and basal regions yielded a significant decrease in arborization in the basal region (p\<0.05). Values are shown as the average ± SEM of the mean number of intersections. **(E)** Sholl analysis performed in the apical and basal regions did not yield any statistically significant differences, but does show a trend to a decrease in arborization in the basal region (p = 0.1). Values are shown as the average ± SEM of the total number of intersections. **(F)** Spine density was quantified in the CA1 region and is expressed in spines/10μm, no significant differences were observed with D3 treatment in either of the regions.](pone.0218036.g004){#pone.0218036.g004}

Importantly, in the CA3 region of the hippocampus (serving as internal control) no significant changes in the amount of branching points were observed (ANOVA p = 0.796, df = 46; n = 17. [Fig 5A versus 5B](#pone.0218036.g005){ref-type="fig"}). There were no significant differences in branching points (**quantified in** [Fig 5C](#pone.0218036.g005){ref-type="fig"}) or in spine density in the CA3 region (**quantified in** [Fig 5D](#pone.0218036.g005){ref-type="fig"}).

![D3 has no effect on neuronal arborization in the CA3 region.\
**(A)** Representative confocal image, 3D filament, and magnified segments from apical and basal CA3 tertiary dendrites of an independent neuron from a control mouse. **(B)** Representative confocal image, 3D filament, and magnified segments from apical and basal CA3 tertiary dendrites of an independent neuron from a 2-week D3-treated mouse. (**C**) Quantification of branching in the apical and basal regions shows no difference between the control and the D3-treated mice (p = 0.796; controls n = 8, D3 n = 9). Total branching points of neurons belonging to D3-treated mice were normalized to the total branching points of the controls. (**D**) Spine density in the CA3 region was quantified and is expressed in spines/10μm; no significant differences were observed with D3 treatment in either of the regions.](pone.0218036.g005){#pone.0218036.g005}

Loss of branching has been associated with memory deficits, and specifically with anterograde amnesia \[[@pone.0218036.ref029]\]. Hence it is likely that the anterograde amnesia caused by D3-activation of TrkA-pathways is due to structural changes. The decrease in dendrite branching of the basal dendrites of neurons in the CA1 region detected after chronic D3-treatment were not due to defects in neurogenesis, as no differences were observed in BrdU+ neurons in the subgranular zone of the hippocampus ([S4 Fig](#pone.0218036.s004){ref-type="supplementary-material"}); though we note that neurogenesis experiments *in vivo* were not exhaustive.

In contrast to chronic D3-treatment causing structural changes, acute D3-treatment did not have an effect on hippocampal neuron branching or spine density (data not shown). This most likely is due to lack of time or lack of a sustained signal in the acute drug-treatment paradigm to allow for anatomical changes, as reported for other drugs that cause anatomical changes in hippocampus after chronic but not after acute treatment (e.g. memantine), and which may cause memory deficits \[[@pone.0218036.ref030]\].

Our data indicate that D3-(hyper)activation of TrkA signaling in young healthy hippocampus causes short-term and long-term signals. After acute D3 delivery, within a few hours, pTrkA and CREB are affected, and STM is impaired, but without detectable morphological changes in hippocampus. After a 2-week delivery, pErk5, pAkt, as well as increased total Erk5 and CREB are increased, and STM is impaired, along with reduced branching of the basal dendrites of CA1 neurons. This represents a previously unreported memory mechanism for TrkA action, and is consistent with the known role of CA1 neurons in memory.

Acute D3 treatment impairs hippocampal-dependent memory consolidation {#sec014}
---------------------------------------------------------------------

We studied the temporal and anatomical differences in acute verus chronic D3-treatment in more detail asking three questions: (a) whether memory impairment was selective for memories learned proximal to the drug-administration period, (b) whether the phenotype is due to impaired memory consolidation or to impaired memory recall, and (c) whether memory impairment is reversible once D3 is washed off while the anatomical changes persist.

Memory tests starting one day after acute intraventricular delivery of D3, showed no differences in learning between the control group (n = 4), D3 9 μg group (n = 3) and D3 15 μg group (n = 5). Consistent with [Fig 1](#pone.0218036.g001){ref-type="fig"}, in the Probe Trial 1 (STM) and Probe Trial 2 the D3-treated groups spent a reduced percent of the time in the target quadrant as compared to the controls ([Fig 6A](#pone.0218036.g006){ref-type="fig"}). These data indicate that the mice treated acutely with D3 exhibited memory impairment as soon as 2 hours after the last learning trial (i.e. 5 days after drug treatment).

![Acute D3 treatment conveys STM impairment that mainly affects hippocampal-dependent spatial memory consolidation.\
**(A)** Mice were trained in the Morris Water Maze (MWM) with three trials per day for 5 consecutive days. Values are shown as mean latency to find the platform (seconds). In the probe trials, values are displayed as the percentage of time the mice spent in the target quadrant. Probe Trial 1 (PT1) was performed two hours after the last trial on day 5 and Probe Trial 2 one week after PT1. Controls (n = 5), D3 9 μg (n = 3) and D3 15 μg (n = 5). Significant decreases in the percentage of time the mice spent in the target quadrant are framed in the dotted-line box. This experiment was performed twice independently, obtaining equal results. **(B)** Mice were trained as previously described and underwent PT1. They were not manipulated for the following 2 days to allow for memory consolidation. Next, they were randomly assigned to one of two groups: mice treated with vehicle (n = 6) or those treated with 15 μg of D3 (n = 5). Four days later, controls and D3-treated mice were re-tested (PT2) to assess retrieval, and no significant difference was observed, suggesting that D3 treatment impairs memory consolidation.](pone.0218036.g006){#pone.0218036.g006}

Given that there is no effect on learning, the impairment may be due to deficits in memory consolidation or memory retrieval. Tests were designed to evaluate these alternatives. Healthy, young mice were trained, tested to ascertain that they gained short-term spatial memory, and reposed to consolidate memory (48 hours, a period reportedly sufficient for consolidation). After randomization of the mice, one group received control aCSF (n = 6) and another group received 15 μg of D3 (n = 5), and they were re-tested for memory. No differences in memory were measured between the control and the D3-treated groups (unpaired 2-tailed t-test, p = 0.891, df = 9; control n = 6, D3 n = 5, [Fig 6B](#pone.0218036.g006){ref-type="fig"}).

These data suggest that once memory is consolidated, D3 does not impair memory retrieval. Hence, it is likely that D3 affects memory storage/consolidation. As spatial memory is predominantly a hippocampus-dependent process, the structural deficits observed in hippocampus CA1 neuronal branching appear to correlate with impaired spatial memory consolidation.

The impairment in memory consolidation by acute D3-treatment is reversible {#sec015}
--------------------------------------------------------------------------

To test whether memory impairment was proximal to drug treatment, and/or reversible, the MWM learning and testing paradigms were repeated two and three months after acute D3 treatment. There was no memory impairment at two months post D3-treatment (p = 0.447 probe trial 1, and p = 0.682 probe trial 2, df = 10, n = 12; [Fig 7A](#pone.0218036.g007){ref-type="fig"}) and at three months post D3-treatment (p = 0.352 probe trial 1, and p = 0.518 probe trial 2, df = 51, n = 9; [Fig 7B](#pone.0218036.g007){ref-type="fig"}). All groups spent significantly more time in the target quadrant as compared to the other quadrants. These data indicate that new spatial memory tasks (learnt long after acute D3-treatment) were consolidated and recalled correctly as memory. Hence, the anterograde amnesia phenotype was reversible in the acute D3-treatment paradigm. This is in contrast with the chronic D3-treatment paradigm, which we reported was long-lasting for months after drug- wash-off \[[@pone.0218036.ref004]\].

![D3 impairment in STM consolidation after acute ICV injection is reversible.\
Mice were trained and tested through the Morris Water Maze (MWM) as previously described. Controls (n = 5), D3 9 μg (n = 3) and D3 15 μg (n = 5). No learning or memory deficits were observed **(A)** two months, nor **(B)** three monts after treatment, implying reversibility of the effects. This experiment was performed twice independently, obtaining equal results.](pone.0218036.g007){#pone.0218036.g007}

Summary {#sec016}
=======

The data show that D3-intraventricular delivery leads to hyper-activation of TrkA signals both in the acute and the chronic treatment paradigms, and a behavioral phenotype reminiscent of anterograde amnesia. Acute or chronic D3-treatment of young healthy mice conveys memory impairment due to failure in memory consolidation, in a time period proximal to drug action, which in the acute paradigm is reversible but in the chronic paradigm is sustained long after drug-wash-off. In the acute treatment paradigm the memory deficits are reversible, and there are no detectable anatomical changes in hippocampus. In the chronic treatment paradigm the memory deficits are sustained, this is correlated with and likely due to a decrease in hippocampus CA1 neuronal branching. [Table 1](#pone.0218036.t001){ref-type="table"} summarizes a comparison of the data obtained after acute and chronic delivery of the pharmacological TrkA agonist D3.

10.1371/journal.pone.0218036.t001

###### Summary of data.

![](pone.0218036.t001){#pone.0218036.t001g}

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  ICV Treatment                                    Biochemical changes                                                                                                                                 Structural changes                                                                           Electrophys.        Behavior
  ------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------- ------------------- ------------------------------------------------------------------------
  Acute                                            pTrkA and CREB increase in the hippocampus                                                                                                          None                                                                                         No changes in LTP   Reversible STM and LTM impairment in MWM, without affecting learning.\
                                                                                                                                                                                                                                                                                                                        No effect in NOR

  Chronic [\*](#t001fn001){ref-type="table-fn"}\   pErk, Erk5, pCREB, CREB, pAKT[\*](#t001fn001){ref-type="table-fn"} and pro-BDNF[\*](#t001fn001){ref-type="table-fn"} increase in the hippocampus\   Decreased branching in the basal dendrites of neurons in the CA1 region of the hippocampus   Increased LTD       Long-lasting, LTM impairment in MWM, without affecting learning or STM
  (2 weeks)                                        Increase NRH-2 in cortex and hippocampus[\*](#t001fn001){ref-type="table-fn"}                                                                                                                                                                                        
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**\*** Some results previously published by Aboulkassim et al.

STM: short-term memory; LTM: long-term memory; MWM: Morris Water Maze; NOR: Novel Object Recognition; LTP: long-term potentiation. LTD: long-term depression.

Discussion {#sec017}
==========

Reportedly, loss of TrkA density/activity correlates with cholinergic neuronal atrophy and death, and with disease progression in in rodent models of memory impairment \[[@pone.0218036.ref012]\] and humans \[[@pone.0218036.ref014], [@pone.0218036.ref015], [@pone.0218036.ref031]\]. These observations led to the hypothesis that selective activation of TrkA may be neuroprotective and beneficial to memory \[[@pone.0218036.ref017]\], a concept that has been proven experimentally in animal models of disease \[[@pone.0218036.ref004], [@pone.0218036.ref022]\].

However, paradoxically, hyperactivation of TrkA in healthy mice led to memory impairment. Here, we show that in healthy young mice, the chronic (2-week) intraventricular delivery of the TrkA agonist D3 caused hyperactivation of TrkA-mediated signals in the hippocampus, with a decrease in CA1 neuronal arborization, and an *irreversible* spatial memory deficit. In healthy young mice, an acute delivery of the TrkA agonist D3 caused hyperactivation of TrkA in the BFCN and the hippocampus, without any detectable structural changes in CA1, and a *reversible* spatial memory deficit. Memory deficits are linked to impaired memory consolidation and are not due to impaired learning or memory retrieval. These data are an example of a drug that is beneficial in disease states may be detrimental in healthy states. [Table 1](#pone.0218036.t001){ref-type="table"} summarizes data obtained upon intraventricular acute or chronic delivery of the pharmacological TrkA agonist D3.

TrkA-dependent signaling pathways, relevant to memory, are activated by D3 in hippocampus {#sec018}
-----------------------------------------------------------------------------------------

TrkA is mainly expressed in the hippocampus and the BCFN, and expectedly biochemical changes would take place in these anatomical regions. Indeed, after acute D3-treatment, TrkA-biochemical signals were detected in the hippocampus and nucleus basalis. Nonetheless, 5 days after completion of a chronic treatment (a 2-week course), sustained increases in TrkA signaling pathways were only observed in the hippocampus. No significant alterations in biochemical signals were detected by quantitative western blot techniques in the cortex, though this could be due to dilution of the signal.

The increases observed in Erk5 at different time-points and in different regions of the brain, follow described models of D3 tissue penetration \[[@pone.0218036.ref022]\] and TrkA activation either directly in the cell body or in neuronal terminals \[[@pone.0218036.ref032], [@pone.0218036.ref033]\]. Such increase in activity in Erk pathways could lead to altered dendritogenesis and synaptogenesis \[[@pone.0218036.ref034]\].

The increase in Akt phosphorylation, especially in the hippocampus, was previously described by our group \[[@pone.0218036.ref004]\], such an increase can lead to hippocampal long-term depression (LTD) through deregulation of the PI3K/Akt pathway. CREB and its active phosphorylated form are increased in a sustained fashion, particularly in the hippocampus. CREB acts as a transcription factor for many proteins that mediate survival and differentiation. D3-mediated increases in protein expression could be due to the increased transcription or stability, which explains physiological effects outlasting drug washout.

D3-mediated pharmacological effects {#sec019}
-----------------------------------

NGF is produced in the cortex, basal forebrain and hippocampus (8). Hippocampal homeostasis depends on connections from basal cholinergic neurons (BFCN)---which innervate the cortex and hippocampus (5). BFCN depend on the proNGF/NGF ratio and the p75/TrkA balance \[[@pone.0218036.ref007], [@pone.0218036.ref035]\]. Deficiency of TrkA expression/function, or deficiency of NGF transport, or maturation of NGF from proNGF have been linked to BFCN degeneration \[[@pone.0218036.ref036]\], as well as memory deficits both in animal models and dementia patients \[[@pone.0218036.ref014]\]. On the other hand, a conditional knockout of the NGF/TrkA axis in the young adult was not sufficient to cause learning/memory impairment \[[@pone.0218036.ref037]\]. This means that the impact of the NGF/TrkA axis in memory depends on age and health state. Once activated, the signals downstream of TrkA may convey memory enhancement or memory impairment depending on the health state and baseline TrkA activation state of the cholinergic neurons, and the levels of TrkA expression.

In the present work, the drug kinetics, and drug target selectivity are also important. D3 is a selective TrkA partial agonist, that can potentiate the biological effects of low levels of NGF, and does not bind to p75 \[[@pone.0218036.ref004], [@pone.0218036.ref021], [@pone.0218036.ref022], [@pone.0218036.ref038]\]. However, unbound p75 receptors can have a negative impact on TrkA activation, and when p75 is bound it can have either a positive or a negative impact depending on which ligand binds to it \[[@pone.0218036.ref039]\]. Hence, it is important to consider that in healthy and in diseased brains memory can be impacted by different ligand-receptor interactions such the proNGF/p75 axis, and the presence of other p75 ligands, co-receptors, co-factors, or low levels of mature NGF.

The hippocampus as a likely the target for D3-mediated memory impairment {#sec020}
------------------------------------------------------------------------

Cholinergic basal forebrain neurons are connected through the entorhinal cortex to the basal region of the CA1 area \[[@pone.0218036.ref040]\], hence the decrease in dendrite branching in pyramidal neurons in the CA1 region may be Place Cells \[[@pone.0218036.ref041], [@pone.0218036.ref042]\], and this may account for the spatial memory defects.

Chronic D3 administration caused LTM impairment, without causing STM or learning deficits. Acute D3 administration conveyed not only LTM but also STM impairment without causing learning deficits. This is curious given that both STM and LTM require the hippocampus for initial processing \[[@pone.0218036.ref043]\], and STM takes place in a short span from minutes to hours \[[@pone.0218036.ref044]\]. This exemplifies how different drug regimens (a continuous low dose versus an acute higher dose) may cause different physiological effects, but also informs as to the differences in TrkA-mechanisms that control learning and remembering in the short term versus the long term.

Drug-induced learning impairment is not observed during the 5-day learning phase which has inter-trial spans of 45 minutes, likely due to synaptic tagging and strengthened synapses during each learning trial \[[@pone.0218036.ref045]\]. Drug-induced memory impairment is evident in probe 1 (two hours after the last learning trial). During the probe trials, the platform is no longer present, the mouse does not find the platform and one may hypothesize the synapse is not strengthened in the D3-treated mice. Instead, there may be a faster weakening or disruption of the synapses, and therefore weakening of memory consolidation. We did not observe structural changes in the hippocampus of mice that underwent acute D3 injections; however there may still be a transient effect on synaptic stability. The transient nature of these changes would explain their reversibility. Reversibility also indicates that the negative impact on memory consolidation in healthy mice is not due simply to off-target toxicity or to non-specific effects; and this view is further supported by the *beneficial* effect of chronic D3-treatment in rodent models of AD and ageing. Conversely, in mice that had chronic treatment with D3, we observed a decrease in CA1 neuronal arborization, which can lead to increased long term depression (LTD) \[[@pone.0218036.ref004]\], without changes in LTP (which we tested both in chronic and acute D3 treatments, [S3 Fig](#pone.0218036.s003){ref-type="supplementary-material"}).

These structural changes may underlie the irreversibility of the memory impairment observed with chronic administration of D3. In contrast, the deficits observed with acute D3 administration are reversible, and no structural changes are detected. Reversibility indicates that the negative impact on memory consolidation in healthy mice is not due simply to off-target toxicity or to non-specific effects; and this view is further supported by the *beneficial* effect of chronic D3-treatment in rodent models of AD and ageing.

Previous reports have shown both reversible and irreversible processes associated with memory impairment. Pharmacological agents such as opioids cause reversible anterograde amnesia \[[@pone.0218036.ref046]\]. Anatomical disruptions cause irreversible anterograde amnesia \[[@pone.0218036.ref047]\]; and even Alzheimer's dementia could be viewed as a form of irreversible anterograde amnesia. Anterograde amnesia is the inability to transfer information from the short-term store into the long-term store, with the hippocampus CA1 region being implicated. With D3 the ability to learn is retained, but the ability to form new memories is negatively affected through an impairment in hippocampal-mediated consolidation. The differences observed in consolidation versus retrieval may be due to the hippocampus seemingly having a greater role in consolidation of memories as opposed to retrieval \[[@pone.0218036.ref048]\].

It was somewhat surprising to find no significant differences in spine density, mean spine volume and mean spine length. This could be explained by the formation of asymmetric shaft synapses, with excitatory synapses retracting back within the dendrite \[[@pone.0218036.ref049]\]. Nonetheless, even without a decrease in spine density per unit length, a decrease in dendritic arborization would cause an overall decrease in the total number of spines.

Hippocampal neurogenesis also reportedly affects memory phenotypes \[[@pone.0218036.ref050]\], but at the doses tested D3 had no significant effects on hippocampal neurogenesis *in vivo* ([S4 Fig](#pone.0218036.s004){ref-type="supplementary-material"}). Hence, TrkA/NGF do not appear to mediate neurogenesis *in vivo*. However, *ex vivo* D3 promoted growth and survival of cell lines \[[@pone.0218036.ref021]\] and promoted neurogenesis of embryonic hippocampal primary cultures ([S5 Fig](#pone.0218036.s005){ref-type="supplementary-material"}), suggesting that *in vivo* in the adult there may be mechanisms that modulate D3-promoted or TrkA-mediated neurogenesis of subgranular zone neurons.

In summary, D3 is a TrkA partial agonist which when administered acutely to healthy young mice causes a reversible impairment in hippocampal-dependent memory consolidation. The irreversible long-term memory impairment observed after a 2-week delivery is likely due to a decrease in pyramidal neuron differentiation in the CA1 region of the hippocampus. This work expands on the role of TrkA in memory networks, and the different consequences of TrkA activation in healthy versus disease states, and may contribute to the rationalization of new therapeutic strategies.

Supporting information {#sec021}
======================

###### Timeline of the chronic and acute drug-treatments and experimental endpoints.

(TIF)

###### 

Click here for additional data file.

###### D3 does not have an effect on habituation or object exploration.

In all graphs, the first three days correspond to habituation, the following two days to familiarization (identical objects) and finally on the fifth day the novel object trial. A) The distance travelled by the mice was recorded in meters (p = 0.7). B) The time spent moving was recorded in seconds (out of a total of 300 s, p = 0.4). C) The percentage of the field explored by the mice (p = 0.9). D) The number of entries to the different quadrants in the field (p = 0.7). No significant differences were observed in any of the measurements (Controls n = 6, D3 n = 7; one repeat). Before the novel object recognition (NOR) test, mice were allowed to habituate to the testing environment. There were no differences between the controls and the D3-treated mice in the distance (path) traveled, the time spent exploring, the percentage of the space the mouse covered or the amount of times the mouse entered the different sections of the field. The same measurements were performed during object exploration and again we observed no differences between the two experimental groups. Both groups increased exploration when exposed to the objects for the first time and when exposed to the novel object (Controls n = 6, D3 n = 7).

(TIF)

###### 

Click here for additional data file.

###### Acute D3 treatment has no effects on LTP.

\(A\) Electrophysiological recordings were performed in mice 6 days after acute ICV injection with D3 or vehicle. (B) No significant differences were observed in percentage potentiation during the last 10 minutes, at 60 minutes after tetanus, a parameter corresponding to LTP (Controls n = 7 recordings, D3 n = 6 recordings; one repeat). To test whether D3 conveyed changes in LTP and baseline connectivity after acute ICV injection, electrophysiological analysis was performed. No differences were observed in LTP between D3 and vehicle-treated wild type mice, 6 days after acute ICV injections. No differences were observed in the input/output analysis either (data not shown).

(TIF)

###### 

Click here for additional data file.

###### Chronic D3 delivery *in vivo* has no effect in vivo on neurogenesis in the SGZ of the dentate gyrus.

Mice were treated with aCSF or D3 (40 μg) ICV, simultaneously with BrdU PO. Immunofluorescence was performed for BrdU and NeuN. The amount of BrdU positive neurons was quantified in the subgranular zone of the dentate gyrus. No significant differences were observed between the controls (n = 2) and the D3-treated (n = 2) mice (p = 0.16). Conceivably, the decreases in dendrite branching in the CA1 region detected after D3-treatment may be caused by or coincide with defects in neurogenesis. Mice received chronic D3 ICV for 2 weeks, as well as, during the same period, BrdU in the water to label dividing cells. A non-statistically significant decrease in BrdU positive neurons was observed in the D3-treated mice (201±34 BrdU-positive neurons, n = 2) compared to controls (295±27 BrdU-positive neurons, n = 2) in the subgranular zone of the dentate gyrus of the hippocampus (unpaired 2-tailed t-test, p = 0.16, df = 2; n = 4 mice, approximately 30 sections per mouse, one repeat). The decrease in dendrite branching of the basal dendrites of neurons in the CA1 region was therefore independent of detectable effects on neurogenesis. [BrdU Labeling in vivo, and Analysis.]{.ul} To study neurogenesis in vivo, BrdU was delivered at a concentration of 1 mg/mL in 1% glucose in drinking water. Mice were housed individually with individual water bottles containing BrdU, and the water consumed was constant between groups. BrdU was administered for the 2 weeks that the mice were administered chronically with D3 or aCSF. The mice were then perfused and their brains were fixed (4% PFA), processed for OCT, and cryo-sectioned into 12 μm thick slices (LEICA (Concord, Canada) 3050s cryostat). BrdU was exposed by submerging slides in 1N HCl at 45°C for 30 minutes. Cell membranes were permeabilized with 0.4% Triton X-100 PBS. Tissues were blocked with 5% NGS/3% BSA for 1 hour at room temperature. Slides were incubated with BrdU antibody 1:300 (Abcam ab6326) and NeuN 1:500 (Millipore mab-N78) in 0.2% Triton X-100 PBS overnight at 4°C. After washing (0.2% Triton X-100 PBS), secondary antibodies (goat anti-rat FITC 1:1,000 and goat anti-mouse Alexa 594 1:1,000) were incubated in 0.2% Triton X-100 PBS at room temperature for 45 minutes. Sections were washed and covered with VECTASHIELD (Vectorlabs) mounting medium, and visualized under an epifluorescence microscope. Approximately 30 sections per brain spanning the entire hippocampus were quantified manually using Image J cell counter.

(TIF)

###### 

Click here for additional data file.

###### D3 significantly increases hippocampal neurogenesis *in vitro*.

A\) Primary embryonic hippocampal cultures were treated with supplemented Neurobasal medium (Control), and the following compounds in the same medium: C59 (an inert compound similar to D3), D3 at two different concentrations: 10 μM and 1 μM, and NGF at two different concentrations: 1 nM and 100 pM. Immunofluorescence was performed for Ki-67 (red) and MAP2 (green). B) Quantification of the proportion of Ki-67 positive neurons showed a significant increase in neurogenesis with D3 at both concentrations (*p* = 0.06 and *p*\<0.05) and with NGF at 1 nM (*p*\<0.05), two independent repeats.

(TIF)

###### 

Click here for additional data file.
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aCSF

:   artificial cerebrospinal fluid

AD

:   Alzheimer's disease

Akt

:   protein kinase B

APP

:   amyloid precursor protein

BFCN

:   basal forebrain cholinergic neuron

BrdU

:   bromodeoxyuridine

CaMKII

:   Ca2+/calmodulin-dependent protein kinase II

CREB

:   cAMP response element-binding protein

Erk5

:   extracellular signal-regulated kinase 5

GFP

:   green fluorescent protein

ICV

:   intracerebroventricular

LTD

:   long-term depression

LTM

:   long-term memory

LTP

:   long-term potentiation

MAPK

:   mitogen-activated protein kinase

MCI

:   mild cognitive impairment

MWM

:   Morris water maze

NGF

:   nerve growth factor

PKCδ

:   protein kinase C zeta

PT1-2

:   probe trial 1--2

SGZ

:   subgranular zone

STM

:   short-term memory

TrkA

:   tropomyosin receptor kinase A
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